Electrochemical gradient of protons, or proton motive force (PMF), is at the basis of bacterial energetics. It powers vital cellular processes and defines the physiological state of the cell. Here we use an electric circuit analogy of an Escherichia coli cell to mathematically describe the relationship between bacterial PMF, electric properties of the cell membrane and catabolism. We combine the analogy with the use of bacterial flagellar motor as a single-cell "voltmeter" to measure cellular PMF in varied and dynamic external environments, for example, under different stresses. We find that butanol acts as an ionophore, and functionally characterise membrane damage caused by the light of shorter wavelengths. Our approach coalesces non-invasive and fast single-cell voltmeter with a well-defined mathematical framework to enable quantitative bacterial electrophysiology.
INTRODUCTION
To stay alive bacteria, like other cells, maintain adequate supplies of free energy, and under various external stresses attempt to stay viable by distributing it to processes essential for coping with the challenge, while simultaneously maintaining core cellular functions. The two main sources of free energy in living cells are adenosine triphosphate (ATP) molecule and proton motive force (PMF). The ATP molecule is the energy "currency" of living organisms used for biosynthesis and transport. The PMF is a direct consequence of the activity of the electron transport chain or substrate level phosphorylation, and serves as the energy source driving numerous cellular processes: ATP production, motility and active membrane transport. The two are interlinked, ordinarily PMF is used to synthesise ATP, but ATP can drive the production of PMF as well (Keis et al., 2006) .
As early as 1791 Luigi Galvani proposed that life processes generate electricity (Galvani, 1791; Green, 1953) . However, it took more than a century for Hugo Fricke to measure the capacitance of biological membrane (Fricke, 1923) and for Peter Mitchell to explain that PMF is an electrochemical gradient of protons across the membrane that powers the production of ATP (Mitchell, 1961) . PMF consists of the two components: pH difference between cytoplasm and the external environment (ΔpH = pH in -pH out ), and the electrical potential across the membrane (V m , we note that the build up of charge occurs at ∼ nm-thin layer close to the biological membrane (Nelson, 2003) ). PMF = V m -2.303kT e ΔpH
where k is the Boltzmann constant, T is the temperature and e is the elementary charge. Since life generates electricity used to power its processes and cell membrane acts as a capacitor, it is reasonable to represent the rest of the cell components with an electrical circuit analogy (Van Rotterdam et al., 2002; Walter et al., 2007) , Fig. 1A . Then, proton fluxes are currents, oxidative or substrate-level phosphorylation can be considered as an imperfect battery with non-zero internal resistance, and the membrane resistance and capacitance are connected in parallel. If external pH equals that of the bacterial
Microscope slides preparation
To shorten flagella, cells are "sheared" as described previously (Bai et al., 2010; Rosko et al., 2017) and washed as above. For butanol and indole treatment tunnel-slides are prepared as before , see also SI Fig. 2A ). For photodamage experiments flow-cells are manufactured by drilling (AcerDent, UK) two 1.8 mm holes on opposite ends of the microscope slide and attaching Tygon RESULTS PMF measurements via flagellar motor speed can be used to analyse stress-induced damage. The electric circuit analogy (Fig. 1A) gives a mathematical framework needed to understand cellular free energy maintenance in a range of different conditions. For example, under given external stress it allows us to discern the affected component of the cell and predict the mechanism of damage caused by the stress in the following manner. Membrane capacitance is set by the geometry of the lipid bilayer and unlikely to be altered on shorter time scales. V c is the theoretical maximum potential a cell can generate in a given environment and from a given internalised (carbon) source. Stress can affect V c only by damaging specific carbon transporters and, thus, is media-dependent. Furthermore, in starvation buffer where E. coli uses internal carbon sources (Nyström and Gustavsson, 1998 ) V c will not be changed by the stress. R i defines the inefficiency of the catabolism, comprising the drop from V c as a specific carbon source gets metabolised via a large number of catabolic enzymes. These enzymes are at least partially carbon source specific, thus the stress that targets R i will be media-dependent. Finally, while the R e value is growth media-dependent, the membrane targeting stresses that influence R e will be media-independent.
Once we pin-down the affected component, we employ Kirchoff's laws to express it as a function of stress-induced membrane potential change (V m /V m,0 ), which we measure using bacterial flagellar motor (BFM) as a "voltmeter" (Fig. 1A) . BFM is a nano-machine that enables bacterial swimming (Sowa and Berry, 2008) via PMF powered rotation (Manson et al., 1980; Matsuura et al., 1977; Meister et al., 1987; Fung and Berg, 1995) . The motor speed (ω), usually reaching couple of hundred Hz , varies linearly with PMF (Fung and Berg, 1995; Gabel and Berg, 2003) . While BFM can be actively slowed down, e.g. when cell enter stationary phase (Amsler et al., 1993) , on shorter time scales the linearity between the motor speed and PMF allows us to use the motor speed as a PMF indicator, and when pH cytoplasm = pH external as a V m indicator as well. Here we consider only the situation where ΔpH ≈ 0, which we set by adjusting the external pH to known internal pH of E. coli (Slonczewski et al., 1981) , and in the rest of the text use PMF and V m interchangeably. In addition, EK07 strain we constructed (see Materials and Methods) carries a chromosomal copy of the gene encoding pHluorin protein, which we use to check that our expectation is correct, i.e. cytoplasmic pH during the experiments stays constant and at the level of external pH (SI Fig. 5 ). We thus have:
where we assumed that ω changes as a function of stress amplitude and time f(S, t), ξ is a constant and index 0 denotes the variable value prior to stress. We measure ω using back-focal-plane interferometry (Svoboda et al., 1993 ) and a polystyrene bead attached to a short filament stub (see Materials and Methods and Fig. 1B ) (Bai et al., 2010 ). An example trace of BFM speed is given in Fig. 1C . Using equation (2b) and the circuit analogy we can express each circuit component as a function of stress. To do so, we simplify the electric circuit by estimating the RC constant of the cell membrane. Capacitance and resistance of the bacterial membrane have been reported as C∼1 μF/cm 2 (Fricke et al., 1956; Hodgkin et al., 1952) and R∼10-1000 Ohm · cm 2 (Miyamoto and Thompson, 1967; Chimerel et al., 2012) , which gives RC in the range of 10 -5 to 10 -3 s. Thus, the current through the capacitor is zero prior to the stress application (when the system is in steady-state), as well as post stress application when t > 1 ms (i.e. on the time scales of our experiment). Next we consider ΔG of NADH oxidation only, and compute that respiratory chain can produce V c ∼-360 mV (Walter et al., 2007 ). Yet, physiological value of the membrane potential of respiring bacteria is approximately equal to -160 mV (Tran and Unden, 1998) , indicating that roughly half of the membrane potential drops at the internal resistance, i.e. R i,0 ≈ R e,0 . Taking the two simplifications into account we arrive to (see Fig. 1A and Supplementary Material for detailed deduction of equations):
4/26 (Bai et al., 2010) . In the subsequent figures we show absolute values of the rotational speeds.
PMF dynamics analysis confirms indole is an ionophore
We test the proposed circuit analogy and applicability of the BFM speed as the voltmeter by applying a known membrane stress. We choose a cell signaling molecule indole that at millimolar concentrations forms a dimer and acts as an ionophore (Chimerel et al., 2012) . Ionophores are molecules that carry ions across the lipid bilayer, thus we expect the membrane resistance to decrease (ion conductance increases) when indole is present in the medium. Furthermore, we expect to recover previously demonstrated parabolic dependence of membrane conductance on indole concentration (Chimerel et al., 2012) . Fig. 2A shows examples of individual motor speed recordings prior, during and post treatment with a given concentration of indole. Motor speed drops immediately with the addition of indole, and stays at approximately the same level until indole is removed, at which point it recovers to the initial level. The speed change caused by indole is faster than 10 ms (our experimental resolution), confirming the estimate of membrane RC constant, and justifying the assumption that the current through the capacitance in Fig.  1A circuit is negligible.
To confirm the dependence of the membrane resistance on indole we find the relative change in motor speed at a given stress concentration. Fig. 2B shows the mean speed traces for different indole concentrations (see Materials and Methods for mean speed calculation) and in Fig. 2C we plot the probability densities of preshock and shock speeds. From the Gaussian fits to preshock and shock speed distributions we obtain mean shock speeds for a given indole concentration, and plot them normalised to the preshock speed, Fig. 2D . We fit the normalised speeds with hyperbolic or quadratic hyperbolic function (see Materials and Methods, both of which yield good quality fits with R 2 higher than 0.90). The concentrations of indole at which the quadratic dependence becomes particularly obvious are higher than 2.5 mM (Chimerel et al., 2012) , where we use 0-2.5 mM range. Therefore, our result confirms the accuracy of our proposed approach. 
Butanol acts as an ionophore, changing membrane conductance linearly with concentration.
To determine the mechanism of action of an unknown stress we choose butanol. Previous work indicates that butanol interacts with cell membrane and weakens it, but the exact mechanism of cell damage is unknown (Fletcher et al., 2016) . We perform the BFM speed measurements in E. coli cells treated with butanol. The experimental protocol of butanol delivery is the same as for indole. Fig. 3A and 3B show examples of raw traces and mean speed traces prior, during and post butanol shock in MM9. Immediately upon butanol stress motor speed drops, and upon butanol removal it recovers to the initial value, Fig. 3A .
Motor speed distributions at a given butanol concentrations remain narrow, and we fit them with Gaussian curves (Fig. 3C ). Fig. 3D shows normalised motor speeds, calculated as mean values of the distributions given in Fig. 3C , and plotted against butanol concentration for both MM9 media and PBS.
The relative speed drop observed in the presence of butanol is media independent, and alike that observed for indole. The finding suggesting that, on the time scale of our experiment, butanol cause non-permanent membrane damage and acts as an ionophore. The normalised motor speed dependence on butanol concentration is hyperbolic, and we obtain equation (3c) for membrane resistance: 
where c but is a butanol concentration in percents (%) and 7.8 is a value of constant K obtained from the hyperbolic fit (see Materials and Methods). We observe the speed restoration after butanol removal even after multiple treatments of the same cell. SI Fig. 7 shows several consecutive butanol stresses each lasting 60 s (A) or 30 s (B), where after each treatment motor speed is fully restored.
Photodamage increases membrane conductance that scales with the light power.
As an example of a complex stress we next choose to characterise light induced damage. While previous reports indicate that light causes wavelength dependent damage to bacterial cells (Ashkin et al., 1987; Neuman et al., 1999) , they also suggest that the nature of damage is complex. Most likely the cause of the damage is formation of reactive oxygen species (ROS) (de Jager et al., 2017; Lockwood et al., 2005) , which have been shown to perturb multiple components of the cell: DNA, RNA, proteins and lipids (Cabiscol et al., 2000; Zhao and Drlica, 2014) . To apply light of a certain wavelength and intensity to bacterial cells we use a flow-cell (see Materials and Methods). During the light exposure cells are continuously supplied with fresh media at 10 μl/min flow rate. We apply the light of 395 nm and 475 nm wavelengths as the choice allows us to simultaneously measure internal pH of bacteria.
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Fig . 4A shows example BFM speed traces during exposure to light of different effective powers (P eff ) delivered to the cells. P eff is calculated as the total energy delivered divided by the total time the light is on (see Materials and Methods). Fig. 4A shows that BFM speed gradually decreases in time during exposure to light and that the decrease rate scales with the P eff , also visible in Fig. 4B showing mean BFM speed traces for the same four effective powers. To identify the functional dependence of the speed decrease rate on P eff we fit individual normalised traces with the simple exponential function: ω/ω 0 = e -αt , with the single fitting parameter α. Mean of the fits with standard errors at corresponding four different powers are shown in Fig. 4C , and Fig. 4D shows fit coefficient α plotted against the light power for both MM9 medium and PBS. The effect of light on V m is present in PBS and of same functional dependence, thus on the time scales of our experiment light affects primarily the membrane resistance, R e . Together with the fact that the speed decrease rates stay the same at a given P eff , the finding suggests that on the time scale of our experiment there is no active membrane repair. We further confirm this by measuring the motor speed after we expose the cells to light for shorter periods of time. SI Fig. 8 shows that when the illumination ceases after 5 or 15 min the (decreased) BFM speed remains the same with no visible recovery. We also check that light damage is not enhanced by the presence of the fluorescent protein (pHluorin) in the cytoplasm, SI Fig. 9 . Fig. 4D enables us to determine functional relationship between effective power and α, which increases as a logarithm of the normalised P eff , i.e. P eff,norm = P eff /(mW · cm -2 ). Thus, for our initial exponential fit we obtain: ω = ω 0 · e -(a ln P eff,norm +b)t (5) where a and b are wavelength specific parameters, a = 0.00064 s -1 and b = -0.00181 s -1 and equation (5) holds for P eff > P eff,0 .
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The minimum power required for the damage to occur is defined as P eff,0 = eb a mW/cm 2 , and for 395 nm and 475 nm this is ∼ 17 mW/cm 2 . Re-writing the equation (5) in terms of P eff,0 we get:
Finally, applying (6) to equation (3c) we derive R e functional dependence on the effective power:
R e = R e,0 2 P eff P eff,0 at -1 ,
where a is the fit coefficient in Fig. 4D .
DISCUSSION
Arguably, one of the defining features of life is its ability to avoid thermodynamic equilibrium (death) by achieving a steady state supply of free energy. Chemiosmotic theory explained that the production of life's energy currency, the ATP molecule, proceeds via the generation of trans-membrane electrochemical potential. The ability to measure and control voltage and current across the cellular membrane with the patch-clamp technique had far reaching consequences for our understanding of cells such as neurones, where the electrical inputs govern signal transmission (Hodgkin et al., 1952) . In the cases of bacteria, and their small size, we are unable to gain the same level of control over these parameters (Ruthe and Adler, 1985; Martinac et al., 1987) , despite the fact that the ability to do so would open a range of currently inaccessible questions that are at the basis of bacterial free energy maintenance, and consequently, survival.
Here we demonstrate the use of BFM as a fast voltmeter, enabling quantitative, in vivo studies of electrochemical properties of the bacterial membrane. Alternative methods for measuring V m in E. coli rely on fluorescent readout (Ehrenberg et al., 1988; Prindle et al., 2015; Kralj et al., 2011) . However, Nernstian dyes (Ehrenberg et al., 1988; Prindle et al., 2015) sometimes fail to penetrate E. coli's membrane (Lo et al., 2007) , can be a substrate for the outer membrane efflux system TolC (Mancini et al., 2018) and in external conditions where they do equilibrate across the membrane, they do so on the time scales of minutes (Lo et al., 2007; te Winkel et al., 2016) . Voltage sensitive membrane proteins that can be used in E. coli require delivery of light of high power (Kralj et al., 2011) . BFM, on the other hand, is native to E. coli and expressed in a range of conditions (Cremer et al., 2018) . Speed measurements via back-focal-plane interferometry or fast cameras do not rely on fluorescent illumination and offer high time resolution (up to 0.5 ms ). We choose to work with cells grown into late exponential phase in LB to maximise our experimental yield. The approach is, however, more widely applicable as BFM is expressed in a range of other conditions (with the exception of late stationary phase cells (Amsler et al., 1993; Cremer et al., 2018) ), where we expect the BFM bead-assay yield to somewhat vary with the condition. It is possible that cells grown to early or mid exponential phase, or cells grown to steady state in different growth media, will have different electrochemical properties, which can be measured with our approach in the future.
We choose to work in the conditions that satisfy ΔpH≈0, and thus V m is the only contribution to the PMF. However, BFM speed measurements can be extended to conditions where ΔpH contribution to the PMF is not negligible, V m in this case will be calculated from equation (1). Extending the use of BFM as the voltmeter for long term measurements (into hours and days) is possible. We note that on longer time scales motor can be actively slowed down via YcgR protein (Boehm et al., 2010; Paul et al., 2010) , and such long term measurements would likely require YcgR deletion background.
We base the use of BFM as the cell's voltmeter on the proportionality between motor speed and PMF, measured first more than 20 years ago (Fung and Berg, 1995; Gabel and Berg, 2003) . Recent experiments show that BFM also exhibits mechanosensing (Lele et al., 2013; Tipping et al., 2013) , where stator unit incorporation depends on the motor torque. These recent findings indicate an intriguing control mechanism, where mechanosensing and the ion flux combined result in the characteristic proportional relationship between the BFM speed and PMF. It will be interesting to fully ascertain the exact molecular mechanism behind the PMF-motor speed relationship, and we think the ability to fine-control the PMF loss can contribute to that understanding.
Using the electric circuit analogy for the membrane fluxes, and BFM as the cell's "voltmeter" we demonstrate the effect of three different stresses on the cell's membrane conductance. For the known stress, indole, we confirm it acts as an ionophore. For the first unknown stress we applied, butanol, we show its presence decreases membrane resistance, inversely proportional to the butanol concentration. Thus, we conclude that, in the concentration range we tested and on the 15 min time scale, butanol behaves as an ionophore in a manner similar to indole or CCCP (Chimerel et al., 2012) . With analysis alike we presented, butanol action can be characterised further, e. g. defining the minimum concentration and incubation time required for the effect to become irreversible. For our last stress, light of short wavelengths, we show that it affects membrane resistance and functionally describe the damage in relation to time and P eff . Light-induced changes in membrane permeability have been reported in artificial planar lipid bilayer systems and liposomes in the presence of photosensitisers (McRae et al., 1985; Pashkovskaya et al., 2010; Kotova et al., 2011; Wong-Ekkabut et al., 2007) . The most likely cause of such changes is ROS induced chain-reaction lipid peroxidation (Girotti, 1985 (Girotti, , 1990 Halliwell et al., 1993; Heck et al., 2003; Lavi et al., 2010) . Presence of peroxidised lipids can change bilayer physical and electrical properties (Dobretsov et al., 1977; Richter, 1987; Birben et al., 2012) , e.g. it has been suggested that it induces formation of hydrophobic pre-pores and their later transformation into hydrophilic pores permeable to ions (Kotova et al., 2011; Wong-Ekkabut et al., 2007) . Based on the previous work, and our real time, in vivo measurements we propose the following model for the complex nature of the light-induced membrane damage. Exposure to light causes the formation of ROS that induce lipid peroxidation, and thus alter the electric properties of the membrane. In particular, its permeability to ions due to the formation of hydrophilic pores. In contrast to the ionophores that carry ions across the membrane without causing membrane damage, the drop in V m we observe under light proceeds as a result of slower, multi-step formation of lipid pores that require active repair to be mitigated. Therefore, we do not see any fast recovery after illumination ceases (SI Fig. 8) , and the chain-reaction nature of the process results in the exponential-like decay of membrane potential.
Living cells have built-in mechanisms of coping with oxidative stress, for example SoxRS/OxyR regulons containing multiple antioxidant-encoding genes, such as sodA (manganese superoxide dismutase) or katG (hydroperoxidase I) (Storz and Imlayt, 1999; Birben et al., 2012) . The existence of defence mechanisms explains the occurrence of the minimum power required to cause the damage. Less power, even if it causes ROS formation, will not damage the cells that cope using internal protection enzymes. The value of the minimal damage-causing power we measured can indicate the abundance of internal protective resources available to the cell, as well as define the power range for fluorescence imaging that should be used to ensures no (unaccounted for) damage is inflicted to the cells by the exposure to light.
Future applications of our approach include, but are not limited to, studying other damage mechanisms and characterising unknown bacterial membrane properties, e. g. overall resistance in different growth conditions. Lastly, based on our measurements we suggest the use of light for delivery of small molecules, such as antimicrobial peptides or fluorescent dyes, which otherwise fail to penetrate E. coli's membrane (Lo et al., 2007) .
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SUPPLEMENTARY MATERIALS
Deduction of electric circuit model Let us consider the circuit from Fig. 1A without yet applying simplifications discussed in the main text. When the system is in equilibrium current trough the capacitor i 3 = 0. Upon application of a given stress one of the three components of the circuit change (R i , V c or R e ), and all three currents become non zero. Then, based on Kirchoff's laws we have: V c = i 1 R i + i 2 R e (S1a)
We do not consider scenarios that change more than one circuit element at the same time. Let us first consider the case when overall membrane resistance, R e , changes, i.e. membrane has been damaged and R i , V c and C are kept fixed. Based on Ohm's law membrane voltage can be expressed as V m = i 2 R e . Thus, to get the functional dependence of R e on the stress amplitude we need to find V m /V m,0 , equation (2b) and (3c) in the main text.
where i 2,0 is the current through R e,0 , i.e. before R e changed. We are now looking for expressions for i 2 (R e ,t) and i 2,0 . We know that the current through the capacitor is i 3 = dQ/dt and thus from (S1c) follows:
We express i 3 from (S3) and i 1 from (S1b) and apply it to (S1a):
When i 3 = 0, i 2,0 = i 1,0 = i 0 based on equation (S1b) and by implementing to (S1a) we get:
because V c and R i do not change during the application of the stress. Using (2b) in the main text and (S5) we can now express (S2) as:
where i 2 (R e ,t) is a solution of (S4). Alternatively, if the stress-affected element is R i or V c equation (S3) and (S4) become:
We now apply simplifications mentioned in the main text: i 3 is always zero (RC is in the range of 10 -5 to 10 -3 s), and R i,0 ≈ R e,0 . Taking the two simplifications into account we arrive to: 
If R i is affected by the stress, V c = V c,0 and R e = R e,0 = R i,0
Finally, if V c is affected by the stress, R e = R e,0 = R i = R i,0
Supplementary Methods:E. coli strain construction All the chromosomal manipulations were performed using plasmid mediated gene replacement method (PMGR) described previously (Link and Phillips, 1997; Merlin et al., 2002) . The method is based on RecA-mediated homologous recombination occurring between homologous regions on the chromosome and plasmid. Backbone plasmid pTOF24 (Merlin et al., 2002) was digested with SalI and PstI restriction enzymes. Inserts were amplified with primers listed in SI Table 1 and assembled together in Gibson assembly reaction. MG1655 was transformed with a resulting pTOF-fliC sticky (SI Fig. 10A ). The gene replacement was then performed following the PMGR protocol from (Merlin et al., 2002) . Resulting strain EK01 was transformed with pTOF-pHluorin plasmid (SI Fig. 10B ) and the protocol was repeated. Obtained EK07 strain differs from parental MG1655 strain in having "sticky" flagella and pHluorin gene on the attTn7 site of the chromosome, which is confirmed by sequencing.
Supplementary Methods: pHluorin calibration
The in vivo calibration of the pH sensor (pHluorin) is performed as described in (Wang et al., 2018) . Briefly, MM9 medium is adjusted to a set of pH values in the range between 5.5 and 9 and supplemented with 40 mM potassium benzoate and 40 mM methylamine hydrochloride (Martinez et al., 2012) . The medium of a known pH is flushed into the tunnel-slide with cells attached to the surface as described before and incubated for 5 min. Total of ∼100 cells are imaged at 50 ms exposure time. The calibration curve obtained is given in SI Fig. 11A and fitted with a sigmoid function R 395/475 = (a 1 e k(pH-pH 0 ) + a 2 )/(e k(pH-pH 0 ) + 1), where a 1 , a 2 , k, pH 0 are fitting parameters. The in vitro calibration (SI Fig. 11B ) is done using his-tagged pHluorin, purified with affinity chromatography (Urh et al., 2009 ) diluted into buffer of known pH (and supplemented with indole or butanol when testing pHluorin sensitivity to it). The pHluorin emission intensity is measured for 395 nm and 475 nm excitation in Spark 10M multimode plate reader (Tecan Trading AG, Switzerland). pH of the buffers in presence of indole/butanol is confirmed with pH meter (FE20 FiveEasy TM , Mettler-Toledo International Inc, Switzerland). To account for photobleaching, MM9 medium supplemented with 5% ethanol is supplied (at 10 μl/min flow rate) to the cells attached to the surface in a flow-cell. After 5 to 10 min incubation imaging of ethanol treated cells is performed as during the photodamage experiment. The change in pHluorin intensities ratio is determined for ethanol treated cells and used to account for photobleaching by calculating the normalisation coefficients for each time point.
Supplementary Methods: pHluorin image analysis
To analyse images of pHluorin expressing cells we first identify cells uniformly attached to the surface (so called "flat cells" (Pilizota and Shaevitz, 2012; Buda et al., 2016) ), and calculate the background intensity by dividing the whole image into four identical squares. Next we find the minimal intensity in each square and average 3x3 pixel box surrounding the minimal intensity pixel to get the background intensity value for that square. We subtract the background intensity of the corresponding square based on the location of the "flat" cell. We create a cell mask for flat cells using Otsu thresholding method (Otsu, 1979) followed by binary erosion and binary dilation to eliminate noise. We obtain the intensities for 475 nm and 395 nm pTOFpHluorin Tn7 Right Shoulder MG1655 5'-CACTTACCTGAGGACGAAGGT-GTCGAAATGCGGGGCATTTTTCTTC-CTGTTATGTTTTTA 5'-CAGGGCGCGTCCCATTCGCCAC-CGGTCGACAAACACAGAGAAAG-CACTCATCGATAAGG Table 1 . List of primers used to generate pTOF24 derivatives for PMGR method. 
19

